Skeletal muscle contains several precursor cells that generate muscle, bone, cartilage and blood cells. Although there are reports that skeletal muscle-derived cells can trans-differentiate into neural-lineage cells, methods for isolating precursor cells, and procedures for successful neural induction have not been fully established. Here, we show that the preplate cell isolation method, which separates cells based on their adhesion characteristics, permits separation of cells possessing neural precursor characteristics from other cells of skeletal muscle tissues. We term these isolated cells skeletal muscle-derived neural precursor cells (SMNPs). The isolated SMNPs constitutively expressed neural stem cell markers. In addition, we describe effective neural induction materials permitting the neuron-like cell differentiation of SMNPs. Treatment with retinoic acid or forskolin facilitated morphological changes in SMNPs; they differentiated into neuron-like cells that possessed specific neuronal markers. These results suggest that the preplate isolation method, and treatment with retinoic acid or forskolin, may provide vital assistance in the use of SMNPs in cell-based therapy of neuronal disease.
Introduction
Recent studies have shown that adult stem cells can differentiate into various types of cells. For instance, mesenchymal stem cells (MSC) can differentiate into blood, myogenic, vascular or neurogenic cells (Jiang et al., 2002; Muguruma et al., 2003; Kim et al., 2005) ; skin stem cells can differentiate into neurons, smooth muscle cells or adipose cells (Toma et al., 2001 (Toma et al., , 2005 and adipose stem cells can create osteogenic, myogenic, or chondrogenic lineages (Zuk et al., 2002; Lin et al., 2005) . These findings indicate that adult stem cells have the capability to differentiate into tissues other than the tissues from which they originated. Recently, it has been reported that skeletal muscle-derived cells can also generate multiple cell types, characteristic of various tissues and organs. The pluripotentiality of skeletal muscle-derived cells seems to be greater than was once thought (McKinney-Freeman et al., 2002; Wada et al., 2002; Peng and Huard, 2004; Hwang et al., 2004; Sun et al., 2005) . It is of particular interest that skeletal muscle-derived cells can trans-differentiate into neuron-like cells (RomeroRamos et al., 2002; Alessandri et al., 2004; Kondo et al., 2006) . The methods of isolation of precursor cells, and the procedures for successful neural induction, have not, however, been fully established. In this study, we describe cell isolation methods allowing for the separation of cells that possessed neural precursor characteristics from skeletal muscle-derived cells. We term these cells "skeletal muscle-derived neural precursor cells (SMNPs)". We also report on materials permitting effective neural induction of SMNPs. 
Materials and Methods

Isolation and proliferation of SMNPs
Primary skeletal muscle cultures were prepared from 3-week-old ICR mice. SMNPs were purified from the primary culture using a previously described preplate isolation method (Qu et al., 1998) . In brief, hindlimb muscles of mice were removed and minced into a coarse slurry using scalpels. The muscle tissues were enzymatically dissociated in collagenase type XI (Sigma, St. Louis, MO), dispase (Invitrogen, Carlsbad, CA), and trypsin-EDTA (Invitrogen). After the physical and enzymatic dissociations, muscle-derived cells were centrifuged and resuspended in proliferation medium (PM) containing DMEM, 10% horse serum, 10% FBS, 1% chick embryo extract and 1% penicillin-streptomycin. To isolate SMNPs, the cells were plated in collagen-coated flasks (PP1) ( Figure 1A) . After 2 h, cells non-adherent in PP1 were transferred into the next flasks (PP2) and incubated for 16 h. This procedure was continued for a further three passages (PP3 through PP5) made at indicated time intervals. Since no adherent cells were observed in PP5, the serial transfer of non-adherent cells was terminated at this point. During cultivation, two morphologically different cell populations were identified. These were fibroblast-like cells and round-shaped cells. The PP1 flasks initially contained a high proportion of fibroblast-like cells. The PP2, PP3, and PP4 flasks contained approximately 30%, 10%, and ＜ 1% of fibroblast-like cells, respectively. Further purification of the weakly adherent cells (primarily round-shaped cells) was performed on cells adherent in the PP3 and PP4 flasks. The cells were trypsinized for 3 min, after which the suspended cells from the PP3 and PP4 flasks were combined and replated in a fresh flask. As these cells proliferated in PM for 3-4 d, the cells formed additional colonies. The colony-forming cell clones were re-trypsinized and replated in fresh flasks. This procedure was repeated at 3-4 d intervals for 2-3 wk. After the total cell number attained 1 × 10 6 , we named these cells "SMNPs". The SMNPs were characterized by immunocytochemistry and RT-PCR analysis for several (stem) cell markers ( Figure 1B ).
Neuronal induction
The SMNPs were seeded on laminin-coated sixwell plates or coverslips. The cells were then placed into one of three types of neural induction media. These were DFN [DMEM/F12 containing 2 mM L-glutamine, and N2 ( 
Immunocytochemistry
The cells were fixed in 4% paraformaldehyde for 
RNA extraction and RT-PCR analysis
Total RNA was isolated from cells using the RNABee system (TEL-TEST Inc., Friendwood, TX). Isolated RNA (1 µg) was subjected to reverse transcription using the Accupower RT premix (Bioneer, Daejeon, Korea). PCR amplification was carried out using sequence-specific primers. The specific primer sequences and expected PCR product sizes were: nestin (5'-CAAGAACCACTG-GGGTCTGT-3', 5'-ACATCCTCCCACCTCTGTTG-3'; 253 bp), notch1 (5'-CGGTGTGAGGGTGATG-TCAATG-3', 5'-GAATGTCCGGGCCAGCGCCAC-C-3'; 534 bp), neuroD (5'-ACGCAGAAGGCAA-GGTGT-3', 5'-GCCTTCATGCGCCTTAATTT-3'; 399 bp), nse (5'-TTGGAGCTGGTGAAGGAAGCC-3', 5'-CCTTGAGCAGCAAACAGTTGC-3'; 360 bp), sox2 (5'-TTCGGTGATGCCGACTAGA-3', 5'-TGC-GAAGCGCCTAACGTA-3'; 100 bp), egfR (5'-AA-GTGGTCCTTGGGAACTTG-3', 5'-TTGAGGGCA-ATGAGGACATA-3'; 106 bp), calretinin (5'-GGAG-ATGAACATCCAACAGC-3', 5'-TCACTGCAGAGC-ACAATCTC-3'; 105 bp), syn1 (5'-GACGAGGTG-AAAGCTGAGAC-3', 5'-CAGAGAGGGCTGTCTA-GGG-3'; 110 bp), tau (5'-TAGCAACGTCCAGTCC-AAGT-3', 5'-GTCACTTTGCTCAGGTCCAC-3'; 105 bp), α-sma (5'-ACCACCATGTACCCTGGTAT-3', 5'-AGCACGATTGTCGATTGTCG-3'; 280 bp) and gapdh (5'-TCCATGACAACTTTGGCATCGTGG-3', 5'-GTTGCTGTTGAAGTCACAGGAGAC-3'; 376 bp). PCR products were separated on agarose gels and visualized by ethidium bromide staining. Quantitative analysis of DNA bands was performed with imaging software (Gene Tools; Sygene, UK).
Western blot analysis
Cells were washed with ice-cold PBS (10 mM Na2HPO4, 2 mM KH2PO4, 137 mM NaCl and 2.7 mM KCl) and lysed with RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 2 mM EDTA, and protease inhibitors). Cell lysates were centrifuged at 12,000 rpm for 10 min. Fifty micrograms of protein samples were mixed with SDS sample buffer, boiled for 5 min, and then subjected to 9% SDS-PAGE before being electrotransferred to a PVDF membrane (Schleicher & Schuell Bioscience, Keene, NH). The membrane was blocked with 5% skim milk for 1 h at room temperature and incubated with mouse anti-βIII-tubulin and mouse anti-α-tubulin antibodies (Clontech, Palo Alto, CA). The membrane was then incubated with antimouse HRP-conjugated IgG (Zymed, San Francisco, CA). Protein visualization was achieved using the Supersignal West Pico Chemilumi- 
Results
SMNPs were isolated by the preplate isolation method as described in the Materials and Methods section. After isolation and proliferation, the characteristics of the SMNPs were determined by immunocytochemistry using several (stem) cell markers such as neural stem cell (NSC) markers (Nestin and Sox2) (Kondo et al., 2006) , hematopoietic stem cell (HSC) markers (CD34 and CD45) (Alessandri et al., 2004) , and a myogenic cell marker (Desmin) (Qu-Petersen et al., 2002) . Interestingly, when specific neural induction materials were not used, nestin and sox2 proteins were expressed in 64.8% and 67.1% of SMNPs, respectively, whereas small numbers of SMNPs expressed HSC and myogenic cell markers ( Figure  2A ). In addition, nestin and sox2 proteins were commonly co-expressed in a single cell ( Figure  2B ). To confirm the NSC marker expression in SMNPs, we carried out RT-PCR analysis. This showed that SMNPs constitutively expressed the nestin, notch1, sox2, and egfR genes ( Figure 2C ). These results indicated that the SMNPs had characteristics of neural precursor cells.
To determine whether SMNPs differentiate into cells possessing neuronal characteristics, we used three types of neural induction media, DFN, RA + DFN and FSK + DFN, as described in the Materials and Methods section. After 5 d of incubation with neural induction media, the SMNPs changed from round-shaped cells into process-bearing cells ( Figure 3A) . To evaluate the effects of the neural induction media on the neural precursor characteristics of SMNPs, we performed immunocytochemistry using an antibody against nestin, both before and after neural induction. As mentioned above, a high proportion of cells expressed nestin before neural induction ( Figure 3A and B, control) . Neural induction by DFN alone still resulted in a high proportion of nestin-positive cells. Additional treatment with RA or FSK decreased the percentages of nestin-positive cells by 44.5% or 48.9% respectively, compared to control. To determine if incubation of SMNPs in neural induction media might induce the expression of neuronal markers, the levels of βIII-tubulin-positive cells were measured (Kim and Son, 2006) . Neural induction by DFN alone, by RA + DFN, or by FSK + DFN, increased the levels of βIII-tubulin-positive cells 4.5-, 11.0-and 12.3-fold, respectively, compared to controls ( Figure 3A and C). Glial cell markers were not detectable after any neural induction method. Taken together, these results show that treatment with RA or FSK, in DFN, significantly decreased the potency as the neural precursor cell and dramatically increased the expression of neuronal marker.
To verify the increased expression of neuronal marker under neural induction conditions, we carried out RT-PCR analysis. Treatment with RA or FSK, together with DFN, guided the SMNPs to express the postmitotic neuron-specific basic helix-loop-helix (bHLH) transcription factor, neuroD gene; neuron-specific enolase (nse) gene, and the neuronal subtype marker, calretinin gene. Also, the postsynaptic marker syn1 gene and the neuronal marker tau gene were expressed ( Figure 4A and B). The neuronal markers examined were undetectable, or present at low levels, in SMNPs before neural induction (control) ( Figure 4A) . Moreover, the use of RA or FSK in DFN increased the expression level of βIII-tubulin ( Figure 4C ).
Discussion
In this study, we used the preplate isolation method to isolate SMNPs, which could then differentiate into cells possessing neuronal characteristics when appropriate neural induction conditions were used. Qu-Petersen et al. (2002) reported that three populations of cells were isolated from skeletal muscle using the preplate isolation method. Of these, a population termed muscle-derived stem cells (MDSCs) was isolated from a small population of long-time proliferating cells. These cells formed colonies, could divide for more than 30 passages, and showed neural-lineage cell phenotypes after treatment with nerve growth factors. The characteristics of SMNPs are similar to those of MDSCs in that isolated SMNPs grew into colonies (Figure 1) , showed long-time proliferation (more than 30 passages, data not shown), and could differentiate into cells possessing neuronal characteristics. Isolated MDSCs were highly positive (79%), however, for the CD34 antigen. In contrast, only 9.0% of SMNPs were positive for CD34 ( Figure 2B) . The difference in CD34 expression in MDSCs compared to SMNPs suggests that the cell characteristics of SMNPs are similar, but not identical, to those of MDSCs.
In isolated SMNPs, ＞ 64% of cells expressed the NSC markers nestin and sox2. In contrast, only a small number of these cells expressed HSC markers (Figure 2A) . Recently, Kondo et al. (2006) reported that skeletal muscle-derived progenitor cells isolated by flow cytometry, with specific cell sorting, constitutively expressed NSC markers including nestin, sox2, egfR, fgfR1, and notch1, but did not express HSC markers including CD45, SCL, and PU.1. Although the isolation method of Kondo et al. (2006) was different from ours, the expression profile of stem cell markers in their cells is consistent with our data (Figure 2A and C) . The preplate isolation method may thus be useful for the isolation of HSC-negative neural precursor cells from skeletal muscle tissues.
In this study, we used RA and FSK as neural induction materials. RA plays crucial roles in neuronal differentiation in many vertebrates (MorrissKay and Sokolova, 1996; Corcoran and Maden, 1999; Maden, 2002) . FSK, an adenylyl cyclase activator that increases intracellular cAMP, can also induce neuronal differentiation in several neuroblastoma (Ghil et al., 2000; Kim et al., 2004) as well as in stem cells including NSCs (Ray and Gage, 2006) , MSCs (Kim et al., 2005) , and olfactory neuroepithelial-derived progenitors (Zhang et al., 2006) . Most studies on the neuronal differentiation of skeletal muscle-derived cells have used media containing various growth factors, neurotrophic factors, and hormones, as neural induction materials (Romero-Ramos et al., 2002; Alessandri et al., 2004; Kondo et al., 2006) . We, however, used only RA or FSK in a neurobasal medium. Although no other factors (growth factors, neurotrophic factors or hormones) were added, the expression of neuronal markers dramatically increased. These results suggest that both RA and FSK are powerful neuronal inducers of SMNPs.
Primary central nervous system-derived embryonic or adult NSCs are generally cultured in DFN with growth factors such as bFGF or EGF. When growth factors are withdrawn, enriched nestin positive-NSCs exit the cell cycle and start to differentiate into various neural lineage cells. In this study, although the expression of neuronal makers was increased in DFN alone (no growth factors or serum were present), SMNPs still showed high nestin expression levels. This implies, first, that the characteristics of SMNPs are different from those of NSC, and, second, that withdrawal of growth factors or serum is not sufficient to initiate differentiation into neuron-like cells. SMNPs require neural induction supporters such as RA or FSK for neuron-like cell differentiation.
The ability of neuroD, one of the proneural bHLH transcription factors, to regulate neuronal differentiation, has been noted in several systems. For example, ectopic expression of neuroD in Xenopus oocytes led to premature differentiation of neurons and conversion of a subset of presumptive epidermal cells into neurons (Lee et al., 1995) . In neuroD null mice, glial differentiation of retinal explants was enhanced (Morrow et al., 1999) . In addition, overexpression of neuroD induced neuronal differentiation of neuroblastoma cells (Cho et al., 2001) . Similarly, expression of neuroD in cultured P19 cells promoted neuronal differentia-tion (Farah et al., 2000) . Taken together, these data suggest that neuroD promotes the development of neurons. In this study, neural induction of SMNPs with RA + DFN or FSK + DFN strongly promoted the expression of neuroD gene, which likely subsequently induces maturation of neurons. Indeed, treatment with RA or FSK facilitated the expression of a matured or differentiated neuronal marker, nse gene ( Figure 4A and B) . These data imply that RA or FSK are key factors for the differentiation of SMNPs into neuron-like cells.
It is of particular interest that differentiation into glial cells was not detectable under any neural induction condition tested. This may be because 1) SMNPs, unlike NSCs, do not contain glial precursor cells, or, 2) neither RA nor FSK induces glial cell differentiation from SMNPs. Astrocytes are known to require more factors (such as ciliary neurotrophic factor and leukemia inhibitory factor) for differentiation and maintenance than do neurons (Bonni et al., 1997; Rajan and Mckay, 1998) . Factors other than RA or FSK may be required for differentiation of glial cells from SMNPs. Although isolated SMNPs have neurogenic potential, most differentiated SMNPs were still of unidentified cell types.
After additional incubation in neural induction media for more than 5 d, SMNPs, by now almost completely differentiated, were died. Several explanations may be offered. First, neuronal cells required for synapse formation and constant uptake of neurotransmitters or cytokines from the other neuronal cells. SMNPs might fail, however, to receive such stimuli from other neuronal cells. Another possibility is that glial cell differentiation may be poor under the neural induction conditions tested. Since glia contributes to brain function mainly by insulating, supporting, and nourishing neighboring neurons, the absence of glia may cause critical problems to survival of neuron.
In this study, two major issues were addressed. We found, first, that SMNPs isolated by the preplate isolation method constitutively expressed NSC-specific markers, and, second, that treatment with RA or FSK induced SMNPs to become process-bearing cells, and to express neuron-specific markers. These findings will be valuable when SMNPs are to be used for autologous transplantation in patients requiring for need of new neuronal cells, or as gene transduction carriers in future gene-and cell-based therapies for neuronal diseases.
